subjects with ALS versus healthy controls. No group differences were detected in GSH at 3 and 7 T. In subjects with ALS, the levels of tNAA, mIns, and Glu in the motor cortex were dependent on the extent of disease represented by El Escorial diagnostic subcategories. Specifically, combined probable/definite ALS had lower tNAA than possible ALS and controls (both p = 0.03), higher mIns than controls (p < 0.01), and lower Glu than possible ALS (p < 0.01). The effect of disease stage on MRS-measured metabolite levels may account for dissimilar findings among previous 1 H-MRS studies in ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset motor neuron disease characterized by progressive and irreversible loss of voluntary muscle function. Affected persons generally die within 2-4 years after symptom onset, and riluzole-the only FDA-approved drug for ALS-has provided only a modest benefit in prolonging survival [1, 2] . On post-mortem exam, ALS is distinguished from other motor neuron diseases by the selective degeneration of both the upper motor neurons (UMNs) that descend from the primary motor cortex to the brainstem and spinal cord and the lower motor neurons (LMNs) that project peripherally to the musculature. The diagnosis of ALS currently depends upon the clinician's ability to detect signs of UMN and LMN dysfunction through physical examination. While electrophysiological testing can provide additional supportive evidence of LMN dysfunction, the reliability of tools for quantitatively and objectively measuring UMN Abstract A major hurdle in the development of effective treatments for amyotrophic lateral sclerosis (ALS) has been the lack of robust biomarkers for use as clinical trial endpoints. Neurochemical profiles obtained in vivo by high field proton magnetic resonance spectroscopy ( 1 H-MRS) can potentially provide biomarkers of cerebral pathology in ALS. However, previous 1 H-MRS studies in ALS have produced conflicting findings regarding alterations in the levels of neurochemical markers such as glutamate (Glu) and myo-inositol (mIns). Furthermore, very few studies have investigated the neurochemical abnormalities associated with ALS early in its course. In this study, we measured neurochemical profiles using single-voxel 1 H-MRS at 7 T (T) and glutathione (GSH) levels using edited MRS at 3 T in 19 subjects with ALS who had relatively high functional status [ALS Functional Rating Scale-Revised (ALSFRS-R) mean ± SD = 39.8 ± 5.6] and 17 healthy controls. We observed significantly lower total N-acetylaspartate over mIns (tNAA/mIns) ratio in the motor cortex and pons of Electronic supplementary material The online version of this article (doi:10.1007/s11064-017-2248-2) contains supplementary material, which is available to authorized users.
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degeneration in ALS has not been established. Such tools could help identify biomarkers of disease activity in the brain that are critical for evaluating treatment efficacy in therapeutic trials for ALS [3] .
Single-voxel proton magnetic resonance spectroscopy ( 1 H-MRS) is an advanced magnetic resonance imaging (MRI) technique for examining the neurochemistry of the brain. Whereas conventional brain MRI is unremarkable in ALS [4] , 1 H-MRS has revealed various neurochemical abnormalities that may indicate underlying disease processes, including gliosis, glutamate excitotoxicity, and oxidative stress.
1 H-MRS studies over the years in humans with ALS have suggested abnormal levels of the following brain metabolites: N-acetylaspartate (NAA, marker of neuronal integrity) [5] [6] [7] ; myo-inositol (mIns, putative marker of glial cells) [8, 9] ; glutamate (Glu, excitatory neurotransmitter) [10] ; γ-aminobutyric acid (GABA, inhibitory neurotransmitter) [5] ; and glutathione (GSH, thiol antioxidant) [11] . Nearly all of these studies included the primary motor cortex and its underlying white matter as a region of investigation.
The most commonly reported finding across 1 H-MRS studies of ALS to date is lower levels of NAA in the motor cortex, indicating neuronal loss and/or dysfunction. However, apart from this finding, alterations in the levels of other metabolites have been reported inconsistently in ALS literature. For example, only a few studies reported a significant elevation in motor cortex mIns levels [8, 9] , while the majority did not. In addition, it remains unclear as to whether motor cortex Glu levels are higher or lower in ALS, as differences from controls have been reported in both directions [5, 9, 10, 12] . This discrepancy may stem from the difficulty in quantifying Glu at low field strengths due to its considerable overlap with glutamine (Gln), resulting in the reporting of Glu and Gln as a sum termed Glx. Furthermore, in two relatively recent studies, lower GABA and GSH levels were observed in the motor cortex of patients using edited 1 H-MRS techniques at 3 T [5, 11] . GABA and GSH may mark states of cortical hyperexcitability and chronic oxidative stress, respectively, in ALS [13, 14] and require further investigation with advanced 1 H-MRS methods.
Neurochemical profiles that consist of 10-15 metabolites can be reliably quantified with 1 H-MRS at 7 T [15, 16] . A major advantage of increasing the magnetic field to 7 T is improved resolution of the overlapping J-coupled resonances of Gln, Glu, GSH, and GABA, resulting in quantification of these metabolites with excellent test-retest reproducibility [16, 17] and without the need for metabolite-specific spectral editing. The purpose of the present study was to utilize our advanced 7 T 1 H-MRS protocol to establish the neurochemical profiles of an early-stage ALS cohort and compare them with a cohort of matched healthy controls. Specifically, the study was designed to (1) clarify discrepancies in the literature regarding metabolite concentrations in ALS by using state-of-the-art 1 H-MRS technology at 7 T and (2) investigate the dependence of neurochemical abnormalities on clinical measures of functional status, upper motor neuron (UMN) disease burden, and diagnostic classification. We selected volumes-of-interest (VOI) in the motor cortex and pons, which are regions that show histopathologic evidence of neurodegeneration in ALS [18, 19] . On the same participants, we also performed edited 1 H-MRS at 3 T for measuring GSH levels in the motor cortex, which were recently reported to be lower in ALS versus controls [11] . Finally, we examined the relationships between brain metabolite levels and measures of clinical status, including ALS Functional Rating ScaleRevised (ALSFRS-R) scores, UMN burden scores, and El Escorial diagnostic criteria.
Materials and Methods

Study Participants and Design
A total of 38 volunteers (20 individuals with ALS and 18 healthy controls, matched by age-range and sex-ratio) were enrolled in the study after giving written informed consent using procedures approved by the Institutional Review Board: Human Subjects Committee of the University of Minnesota. All volunteers with ALS were recruited from the ALS Association Certified Treatment Centers of Excellence at the University of Minnesota and Hennepin County Medical Center and fulfilled the revised El Escorial criteria [20] for clinically possible (N = 8), probable (N = 8), or definite (N = 4) ALS. Two volunteers were withdrawn from the study after enrollment: one control volunteer with evidence of neurologic disease and one individual with ALS who was unable to undergo scanning due to claustrophobia.
Participants underwent both 3 and 7 T MR scanning no more than 1 week apart and a neuromuscular examination by a board-certified neurologist on the day of the 3 T scan (19 subjects with ALS, 17 healthy controls total). At 7 T, MR spectra were acquired from two VOIs: primary motor cortex and pons. At 3 T, spectra were acquired from the primary motor cortex only. In subjects with ALS, the motor cortex VOI was selected in the hemisphere contralateral to the more clinically affected side of the body. In controls, the hemispheres were chosen so that the cohorts would have similar proportions of left-and right-sided scans. The neuromuscular exam was used to determine the clinical characteristics of subjects with ALS, including the more affected side of the body, the El Escorial diagnosis, and a score on a novel UMN burden scale. Active riluzole use at the time of the exam was also recorded in order to account for the drug's potential effect on metabolite concentrations [5] . Disease duration and site of onset were obtained from patient medical records. Disease duration was calculated as the time from the first symptom occurrence to the date of the MR exam. The UMN burden score was based on neurologic exam signs and was used to measure the extent of UMN involvement in subjects with ALS. This score was generated by assigning point values of "1" to the presence of UMN signs in the cranial, cervical, and lumbosacral cord segments. Specifically, six signs were used in the rating: (1) pathologic jaw jerk, (2) slow tongue coordination, (3) abnormal upper limb reflexes (increased biceps reflex, triceps reflex, brachioradialis reflex, and/or finger flexors), (4) upper limb spasticity, (5) abnormal lower limb reflexes (increased patellar reflex, Achilles reflex, and/or extensor plantar response), (6) lower limb spasticity. Summing the points resulted in a total scale ranging from 0 to 6 (a higher score indicating greater UMN burden). All subjects with ALS were also evaluated with the ALSFRS-R as a measure of global disease severity [21] . The ALSFRS-R consists of 12 physical function queries that address bulbar, respiratory, gross motor, and fine motor domains. It yields a composite score ranging from 0 (most severe) to 48 (no disability). Participant characteristics are summarized in Table 1 .
Data Acquisition
Proton MRS studies were performed on a 7 T whole body Siemens MAGNETOM scanner and a 3 T whole body Siemens Tim Trio scanner (Siemens Medical Solutions, Erlangen, Germany). At 7 T, a 16-channel transceiver array coil [22] allowed B 1 + shimming as described previously [23] . T 1 -weighted MPRAGE images were acquired to position the VOI for MRS using the following parameters: repetition time (TR) = 2500 ms, echo time (TE) = 2.4 ms, flip angle = 5°, slice thickness = 1 mm, number of slices = 176, field of view = 232 × 256 mm 2 , and matrix size = 232 × 256. VOI placement was based on anatomical landmarks. For the primary motor cortex, a 2.2 × 2.2 × 2.2 cm 3 voxel was placed in the area representing the upper limb and aligned parallel to the dura mater in the coronal orientation in order to maximize inclusion of the cortical surface (Fig. 1) . The upper limb portion of the motor homunculus was specifically selected because a large majority of subjects with ALS were predicted to have some degree of upper limb involvement during the time of scanning. For the pons, a 1.6 × 1.6 × 1.6 cm 3 voxel was aligned parallel to the pontomedullary junction in the sagittal orientation to maximize inclusion of pons tissue (Fig. 1 ). After B 1 + shimming and VOI selection, first-and second-order B 0 shims were adjusted in the VOI using FAST-MAP (a fast, automatic shimming technique by mapping along projections) with an echo planar imaging readout [24] . Then, B 1 levels required for localization and water suppression were adjusted, as described previously [16] . Metabolite and water reference spectra were acquired using a modified semi-LASER sequence [25] (TR = 5 s, TE = 26 ms, 64 averages). In addition, fully relaxed unsuppressed water signals were acquired at TEs ranging from 28 to 4000 ms (TR = 15 s) to estimate the cerebrospinal fluid (CSF) contribution to the VOI [26] .
At 3 T, radiofrequency transmission was performed with the built-in body coil, and signal was received with a 32-channel receive-only head coil. T 1 -weighted MPRAGE images were obtained for VOI positioning (TR = 2.6 s, TE = 2.43 ms, flip angle = 7°, slice thickness = 1 mm, number of slices = 224, field of view = 256 × 256 mm 2 , and matrix size = 256 × 256). Spectra were acquired from a 3.5 × 2.5 × 2.3 cm 3 VOI placed in the motor cortex using the MEGA-PRESS sequence [27, 28] (TR = 2 s, TE = 68 ms, 512 averages) with editing pulse (180° Shinnar-Le Roux; duration, 22.7 ms; bandwidth, 52 Hz) applied at 4.56 and 7.5 ppm. The larger VOI relative to that selected at 7 T included areas of the motor cortex corresponding to the face and lips, in addition to upper limb (Fig. 2) .
Data Post-processing and Quality Control
For 7 T data, single-shot metabolite spectra were corrected for frequency and phase fluctuations as well as residual eddy currents before summing [29] . Summed spectra were then visually inspected for the presence of unwanted coherences. Signal-to-noise ratio (SNR) measurements were made on the raw spectra by taking the ratio of the NAA methyl resonance at 2.02 ppm and root mean square of the noise measured from −4 to −2 ppm. Linewidth was measured as the full-width at half-maximum of the unsuppressed water reference spectrum. Spectra were excluded from further analysis if SNR < 25. Based on this criterion, three spectra from the pons were excluded.
For 3 T data, edit-off and edit-on spectra were corrected for phase and frequency fluctuations before subtracting to generate difference spectra. Edit-off and edit-on spectra were visually inspected for unwanted coherences. Difference spectra were also inspected for small frequency shifts between edit-off and edit-on spectra.
Metabolite Quantification
Summed 7 T spectra were analyzed with LCModel (version 6.3-0G) [30] . The basis set for LCModel contained 19 metabolites that were simulated using a density matrix approach [31] based on previously reported chemical shifts and coupling constants [32, 33] : alanine (Ala), aspartate (Asp), ascorbate (Asc), glycerophosphocholine (GPC), phosphocholine (PCho), creatine (Cr), phosphocreatine (PCr), GABA, Glc, Gln, Glu, GSH, mIns, lactate (Lac), NAA, N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), scyllo-inositol (sIns), and taurine (Tau). The basis set also included a macromolecule spectrum that was measured previously using an inversion recovery technique in five healthy subjects (TR = 2 s, inversion time = 685 ms, 640 averages total, occipital cortex) [15, 34] . Absolute metabolite concentrations were determined by utilizing the unsuppressed water spectrum as an internal reference and correcting for tissue water and CSF content [16] . A tissue water content of 82% was assumed for the motor cortex and pons [35] . The T 2 relaxation of tissue water was taken into account in the LCModel fitting by assuming values of 68 ms for the motor cortex and 74 ms for the pons. These assumptions were determined by acquiring a series of unsuppressed water signals at different echo times (TE = 28-4000 ms, TR = 15 s) in the respective VOI in ten healthy control subjects and fitting their integrals with a biexponential function. For the biexponential fit, the T 2 of CSF was fixed at 565 ms, which was measured using the same sequence in the lateral ventricles of four healthy subjects (TE = 28-4000 ms, TR = 15 s, VOI = 0.125-0.360 mL). The measured free precession T 2 values of tissue water in the motor cortex (45.4 ± 2.5 ms) and pons (48.9 ± 0.9 ms) were multiplied by a factor of 1.5 assuming Carr-Purcell conditions [29] . The % CSF contribution to each VOI was also obtained by fitting the integrals of the unsuppressed water spectra acquired in each VOI at different TE values with a biexponential decay function [26] .
The 3 T MEGA-PRESS edit-off and difference spectra were analyzed with LCModel (version 6.3-1J) using a protocol nearly identical to that described above. However, NAA was separated into singlet and multiplet, and tCr was separated into CH 3 and CH 2 groups. The difference spectra were analyzed with the basis set that contained simulated information for NAA and GSH using previously described Chemical Shift (ppm) is shown on T 1 -weighted images. Spectra are shown with 1-Hz exponential line broadening and with vertical scale adjusted using NAA resonance. b GSH concentrations quantified using LCModel in subjects with ALS and controls; p = 0.6 from ANOVA adjusting for brain hemisphere scanned fitting parameters [36] . For edit-off data, absolute metabolite concentrations were obtained by utilizing an unsuppressed water reference spectrum and correcting for tissue water and CSF content. The CSF content was determined by segmenting the MPRAGE images using the SPM8 software package and then applying iterative threshold selection to obtain within-VOI fractions of gray matter, white matter, and CSF, as described previously [37] . A tissue water content of 82% was assumed and the T 1 of tissue water of 1.08 s and T 2 of 95 ms were used [38, 39] .
For each region, only metabolites quantified with mean Cramér-Rao Lower Bounds (CRLB) ≤20% were selected for analysis. In addition, metabolites were reported only as sums if they correlated strongly with each other (r < −0.7), as in the cases of total creatine (tCr; Cr + PCr) and total choline (tCho; GPC + PCho). Additionally, total NAA (tNAA; NAA + NAAG) and metabolite ratios (i.e., mIns/ tCr, tNAA/tCr, NAA/mIns, tNAA/mIns) were reported in order to compare with prior work performed at lower field. The sums Glc + Tau and Glu + Gln (Glx) were also reported if any metabolite within each pair did not meet mean CRLB ≤ 20% criterion. Lac at 7 T was not quantified in the motor cortex of six subjects with ALS and five healthy controls due to the presence of unwanted coherences near 1.3 ppm.
Statistical Analysis
Except for left/right hemisphere and male/female scan counts, all measures were compared between the two cohorts using unpaired, two-tailed Student's t tests. Group comparisons of the count data were made using Fisher's exact tests. Neurochemical levels were compared between the cohorts using t tests and then two-way ANOVA to adjust for hemisphere scanned (motor cortex data only). Age and sex were not included as covariates in the models because they were similar between the ALS and control groups. The neurochemical levels were also compared pairwise across El Escorial diagnostic subgroups and controls using one-tailed t tests (with the direction pre-specified according to disease severity in the diagnostic subgroups); a step-down Bonferroni procedure was used to correct type I error for multiple comparisons [40] . Comparisons in tNAA levels assumed that definite ALS < probable ALS < possible ALS < controls because these levels were expected, based on literature, to become lower as more disease signs appear [7, 41] . Conversely, mIns levels were expected to be higher in disease and comparisons assumed that definite ALS > probable ALS > possible ALS > controls [8, 9] . For Glu level comparisons, two-tailed t tests were performed between subgroups and controls because there was no obvious expectation that Glu levels are altered in one direction as opposed to the other. Neurochemical levels were also compared across riluzole-treatment subgroups using pairwise two-tailed t tests between riluzoleusers, riluzole-non-users, and control groups, while again applying the step-down Bonferroni correction. Pearson's correlation tests were used to examine possible linear relationships between neurochemical levels and clinical status measures.
Results
Cohort Characteristics
Motor cortex 1 H-MRS data were obtained at both 3 and 7 T for all 19 subjects with ALS and 17 controls. Three subjects were unable to complete the exam's second half, which was allotted for pons data acquisition. An additional three subjects had larger heads that resulted in increased coil loading. For these subjects, pons spectra were acquired with subadiabatic RF transmit power and were excluded due to low SNR. Thus, usable pons 1 H-MRS data were acquired from a total of 15 subjects with ALS and 15 controls.
The ALS and control cohorts were matched on average for age and sex for both regions examined (Table 1) . For motor cortex data, the cohorts were also approximately matched for brain hemisphere scanned. In the ALS cohort, 4 out of 19 subjects had bulbar-onset ALS, and of these, only one did not exhibit signs of upper limb involvement during the time of scanning. Compared to most prior studies [5, 8, 42] , our ALS cohort had a higher mean ALSFRS-R score, indicating that the subjects as a group had milder disease. Scores on the UMN burden scale also indicated that they had mild UMN involvement on average. Lastly, seven subjects within the scanning cohort were classified by El Escorial criteria as having possible ALS. Subjects within this particular subgroup had the fewest disease signs, and their ALSFRS-R scores were significantly higher than the subjects with probable or definite ALS (Supplemental Table 1 ). Notably, the subjects with probable and definite ALS also had mean ALSFRS-R scores higher than those commonly reported in literature.
Spectral Quality in Subjects with ALS and Controls
High-SNR metabolite spectra were obtained at 7 T from the motor cortex and pons of subjects with ALS and healthy controls (Fig. 1) . No differences in spectral quality were apparent between the groups, while differences were observed between the two regions as expected. Pons spectra had lower SNR and broader linewidths than motor cortex spectra (Table 1 ). The spectral patterns were also distinct between the regions and noted to be characteristic of the motor cortex and pons. Similarly, comparable spectral quality was obtained in ALS and control groups at 3 T (Fig. 2) .
The CSF content within the motor cortex and pons VOIs was not significantly different between subjects with ALS and controls; therefore there was no indication of atrophy in these regions due to disease. In the motor cortex at 7 T, 11 metabolites had mean CRLB ≤ 20%: Gln, Glu, GSH, Lac, mIns, NAA, NAAG, tCho, tCr, tNAA, and Glc + Tau. Notably, the major metabolites (tNAA, tCho, tCr, mIns) as well as Glu, Gln, and GSH were each quantified with mean CRLB < 10%, consistent with prior findings at 7 T using semi-LASER [16] . In the pons, the CRLB criteria were fulfilled by the same metabolites as above, with the exception of GSH and Gln; the sum Glx (Glu + Gln) was therefore reported. Asc measurements in the pons also passed the mean CRLB ≤ 20% criterion.
Neurochemical Alterations in ALS
Metabolite concentrations from the motor cortex and pons of subjects with ALS and controls were quantified at 7 T ( Fig. 3 ; Supplemental Table 2 ). In the motor cortex, the greatest group differences were seen in the levels of mIns. Subjects with ALS had significantly higher mIns levels and mIns/tCr ratio than controls (both p < 0.01). In addition, participants with ALS had significantly lower NAA/mIns and tNAA/mIns ratios than controls (both p < 0.01). In the pons, subjects with ALS had significantly lower NAAG and tNAA/mIns ratio compared to controls (p < 0.01 and p = 0.04, respectively). Analysis of the edit-off data acquired at 3 T from the larger motor cortex VOI (Fig. 2 ) produced similar findings (data not shown); significantly lower NAA/mIns and tNAA/mIns ratios (both p < 0.01) were observed in subjects with ALS versus controls.
In order to investigate whether neurochemical levels were different for different diagnostic categories, the ALS cohort was separated into El Escorial diagnostic classifications ( Fig. 4 ; Supplemental Table 1 ). Total NAA levels in the motor cortex were the lowest in subjects with definite ALS and were significantly different in these subjects compared to those with possible ALS (p = 0.04) and healthy controls (p = 0.04). Myo-inositol levels in the motor cortex were significantly higher in subjects with probable ALS than in controls (p = 0.02). Finally, Glu levels in subjects with either probable or definite ALS were significantly lower compared to those with possible ALS (both p = 0.01). In addition, since most prior 1 H-MRS studies only enrolled subjects with definite and probable ALS and reported their results from whole cohort comparisons versus controls, we also pooled these two subgroups (N = 12; ALSFRS-R mean ± SD = 37.3 ± 5.7) and compared their neurochemical levels to those of subjects with possible ALS (ALSFRS-R mean ± SD = 44.1 ± 0.7) and healthy controls. In the motor cortex, combined probable/definite ALS had lower tNAA than possible ALS and controls (both p = 0.03), higher mIns than controls (p < 0.01), and lower Glu than possible ALS (p < 0.01).
Unlike their dependence on El Escorial classification, neurochemical levels did not vary in relation to the severity of UMN dysfunction. Subjects with ALS were separated into subgroups consisting of those with higher burden (UMN score ≥3) and those with lower burden (UMN score <3); no differences in the levels of metabolites were observed between these subgroups.
We also investigated the potential effects of riluzole treatment on neurochemical levels (Supplemental Table 3 ). In the motor cortex, no significant metabolite differences were observed between eight subjects with ALS who were using riluzole at the time of MR scanning and 11 subjects who were not. When compared with healthy controls, riluzole-non-users had lower tNAA/mIns (p = 0.04). In the pons, no significant differences were observed among riluzole-users, riluzole-non-users, and healthy controls.
Finally, we observed no differences in GSH levels between the ALS and healthy control cohorts using either non-edited 1 H-MRS at 7 T or edited 1 H-MRS at 3 T (Figs. 2, 3) .
Correlations with Functional Status
Metabolite levels and ratios in the motor cortex significantly correlated with ALSFRS-R scores, but not with UMN scores or disease duration. Specifically, moderate positive correlations were observed between ALSFRS-R and ratios of tNAA/tCr (r = 0.61; p < 0.01) and tNAA/mIns (r = 0.56; p = 0.01). Weaker correlations were seen between ALSFRS-R and absolute concentrations of tNAA (r = 0.46; p = 0.05), Glu (r = 0.48; p = 0.04), and mIns (r = −0.42; p = 0.07). Metabolite levels in the pons did not correlate with any of the clinical measures.
Discussion
To date, only a limited number of studies have utilized in vivo 1 H-MRS at ultra-high field (7 T) for investigating neurochemical alterations associated with neurological diseases. These few studies have reported abnormalities in Parkinson's disease, Huntington's disease, adrenoleukodystrophy, and schizophrenia [43] [44] [45] [46] [47] , while many other conditions have not been explored with 1 H-MRS at 7 T. Aside from research abstracts [42, 48] , this is the first report of neurochemical alterations in ALS determined via 1 H-MRS at 7 T. In addition, only two other studies have reported 1 H-MRS data from subjects with early-stage ALS [49, 50] . Consistent with previous reports, our data at 7 T indicate that people with ALS have metabolite alterations in the motor cortex and pons (Fig. 3) . In particular, the tNAA/ mIns ratio was significantly lower in these areas in affected subjects compared to healthy controls and suggests neurodegenerative changes [8, 51] . Importantly, we also observed that the levels of NAA, mIns, and Glu depend on diagnostic categories as defined by El Escorial criteria (Fig. 4) .
Using an optimized semi-LASER protocol at 7 T, we acquired proton spectra with high SNR and resolution from subjects with ALS and healthy controls. Relative to the motor cortex, the lower spectral quality obtained from the pons was expected and due to multiple factors, including smaller voxel size, deeper brain location, and increased intrinsic field inhomogeneities [25] . The increased sensitivity and spectral dispersion at 7 T allowed us to quantify a greater number of metabolites compared to previous 1 H-MRS studies of ALS at lower fields. However, a few metabolites with low abundance (i.e., GABA, Asp, PE) did not pass the mean CRLB ≤ 20% criterion, which was unlike recent data on the test-retest reproducibility of 7 T 1 H-MRS in the cerebellum and cingulate cortex [16] . Thus, the detectability of metabolites by 1 H-MRS depends on brain . For tNAA and mIns comparisons, one-tailed Student's t tests were performed because the expected group differences are unidirectional. For the Glu comparison, two-tailed t tests were performed as no such assumption was made. See Methods for details. *p < 0.05 region in addition to data acquisition methodology and magnetic field strength. This study was partly motivated by a recent report that described lower levels of GSH in the motor cortex of subjects with ALS using spectral editing at 3 T [11] . In addition to our advanced 1 H-MRS protocol at 7 T, we performed the previously-described protocol on the same subjects at 3 T in order to compare GSH quantitation in ALS across these two methods. The results were the same using both methods, with no differences observed in GSH levels and significant differences observed in tNAA/mIns ratio in the motor cortex between groups. The discrepancy between our GSH findings and those of the previous study is likely not explained by differences in methodology. Both studies used similar edited 1 H-MRS protocols at 3 T, but in our study the size of the motor cortex VOI was larger (20.1 vs. 12.5 mL) [11] . Furthermore, our smaller motor cortex VOI at 7 T (10.6 mL) also did not reveal a GSH difference between ALS and controls. Instead, differences in the characteristics of the studies' cohorts may be important. Our study had a larger sample size and a potentially earlier-stage ALS cohort. The mean ALSFRS-R score of our cohort was among the highest of all ALS cohorts studied to date using 1 H-MRS (ALSFRS-R mean ± SD = 39.8 ± 5.6). Notably, while the previous study reported a mean ALS-FRS-R score similar to ours, it was calculated using data from only half of their cohort (N = 6). Thus, a difference between the cohorts' disease severities may explain the difference in results. Our data show that GSH levels are not different from controls in people with ALS who possess relatively high functional status. Whether these levels change as ALS progresses needs to be examined further through longitudinal investigations.
Previous studies also reported alterations in the levels of NAA and Glx in the motor cortex and pons of humans with ALS [5, 10] . The present study suggests that the levels of these metabolites are not significantly altered in these regions early in ALS. In particular, no differences in these metabolite levels were observed when comparing the entire early-stage ALS cohort with healthy controls (Fig. 3) . Rather, group differences in motor cortex NAA and Glu levels became apparent only when performing comparisons with a subgroup of individuals with greater disease burden [i.e., subjects with probable/definite ALS (ALS-FRS-R mean ± SD: 37.3 ± 5.7)]. This finding is remarkable in the context of previous literature, in which many studies restricted their enrollment to probable or definite ALS. These studies commonly reported lower motor cortex NAA in subjects with ALS than in controls, suggesting neuronal loss and/or dysfunction [5, 7, 8] . Notably, the few studies that did not observe alterations in NAA included (1) a study of an early-stage cohort [50] and (2) a study of possible/suspected ALS [49] . Thus, motor cortex NAA levels appear dependent on disease stage, which likely explains differences in findings. This is one of the first 1 H-MRS studies of ALS to report absolute Glu levels in the motor cortex. Due to lower sensitivity and spectral resolution, previous studies at lower field strengths only reported Glx, a sum of Glu and Gln. Multiple contradictory reports have indicated either higher or lower levels of Glx in subjects with ALS [5, 9, 10, 12] , and therefore the absolute quantification of Glu is essential for determining the true direction of Glu alteration in ALS. Recently, Ratai et al. described lower motor cortex Glu levels in 12 subjects with ALS compared to 12 healthy controls [48] . In the present study, we analyzed a larger sample of subjects and did not observe differences in Glu levels between the cohorts. However, the El Escorial subgroup comparison suggests that motor cortex Glu levels also depend on disease stage in ALS. Lower Glu levels in subjects with probable/definite ALS than in those with possible ALS suggest glutamatergic neuron loss/dysfunction with progressing disease. This is further supported by earlier work in post-mortem human tissue that demonstrated neuronal loss as well as markedly lower Glu levels in the motor cortex in end-stage ALS [19, 52] .
Due to its potential as a glial cell marker [53, 54] , mIns has been quantified in the brain extensively using in vivo 1 H-MRS. Elevated mIns levels have been reported for several neurodegenerative diseases, including Alzheimer's disease [55] , Huntington's disease [56] , hereditary ataxias [57, 58] , and ALS [5, 8] . In these cases, investigators interpreted the elevated levels as an indication of gliosis, a proliferative response by glial cell types to neuronal injury. In ALS, gliosis is commonly seen on post-mortem exam and includes increased numbers of reactive astrocytes and activated microglia in the motor cortex [19, 59] . Prior work in ALS using a positron emission tomography (PET) tracer that binds specifically to these cells has shown evidence of gliosis in the motor cortex in vivo [60] [61] [62] . This PET biomarker also positively correlates with mIns levels, according to a recent pilot investigation [63] . Consistent with these previous studies, we observed higher mIns levels in the motor cortex in subjects with ALS than in healthy controls. Importantly, this group difference was primarily driven by higher mIns levels in those with probable ALS. Similar to tNAA and Glu, mIns levels in subjects with possible ALS were not significantly different from controls (Fig. 4) . Thus, mIns levels appear to increase with progressing disease in ALS. Notably, a prior study that enrolled subjects at a similarly early disease stage (ALS-FRS-R mean ± SD = 40.1 ± 4.3) reported no differences in mIns levels [50] .
One of the limitations of this study is the relatively small sample sizes of each El Escorial subgroup. In particular, the pons data were acquired from fewer subjects, which may have impacted our ability to detect subgroup differences in neurochemical levels in this region. Secondly, while the El Escorial classifications provide information on disease extent according to the number of regions affected by ALS, they were designed as a tool for providing diagnostic certainty rather than an indicator of disease stage. Furthermore, the El Escorial criteria require counting both UMN and LMN clinical signs in order to determine the classification. Therefore, novel classification schemes based only on clinical signs of UMN dysfunction may be better for assessing the extent of disease within the brain. In this study, there were no associations between our novel UMN burden score and neurochemical levels in subjects with ALS. There were also no differences in neurochemical levels between those with greater burden (UMN score ≥3) and those with lesser burden (score <3). Incorporating additional components into our rating scale that are recognized as highly sensitive to UMN dysfunction, such as finger-and foottapping speed, may provide a better means of separating disease cohorts according to the severity of UMN burden.
In conclusion, the data from this study suggest that differences between disease cohorts, particularly in subjects' functional status and El Escorial classification, may be responsible for the discrepancies in the literature regarding the concentrations of MRS-measured metabolites in ALS. In addition, alterations in MRS-measured metabolites, namely NAA, mIns, and Glu, are restricted to individuals with ALSFRS-R scores lower than 44. Notably, these three metabolites show weak-to-moderate correlations with ALSFRS-R scores, suggesting that their levels change with disease severity. Longitudinal studies to monitor this ALS cohort, particularly those individuals with possible ALS, will be critical for evaluating the sensitivity of these and additional metabolites to disease progression in ALS.
